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ABSTRACT: We report a highly repeatable and robust microzip
fastener based on the van der Waals force-assisted interlocking
between rectangular parallelepiped arrays. To investigate zipperlike
interlocking behaviors, various line arrays were fabricated with three
different spacing ratios (1, 3, and S of 800 nm in width) and width of
parallelepipeds (400 nm, 800 nm, and S ym with the spacing ratio of
1). In addition, the different rigidity of line arrays was inspected for a
repeatable microzip fastener. The normal and shear locking forces
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were measured with variation of the material rigidity as well as geometry of the array, in good agreement with a proposed theory
based on the contact area and force balance. The maximum adhesion forces as high as ~8.5 N cm™ in the normal direction and
~29.6 N cm™ in the shear direction were obtained with high stability up to 1000 cycles. High stability of our fastening system
was confirmed for preventing critical failures such as buckling and fracture in practical applications.
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1. INTRODUCTION

Repeatable fastening and fixation ability is known as one of the
essential features for many living organisms in nature, which
can be achieved by various attachment systems exploitin:
mechanical, electrochemical, and capillary-based mechanisms."”
For the repeatable attachment, a wide range of structure-based
locking apparatus have been employed for various species, such
as the hook structure of the plants®** and wing locking system
in beetles.”® Recently, a gearlike structure was found in plant
hoppers, which enables synchronized movements of each leg
for the jumping process.” Such biological fastening systems
have been investigated to elucidate the principle of microscopic
mechanical locking effects. In most cases, van der Waals forces
between rough surfaces play a key role in exerting stable and
repeatable adhesion. Various artificial fastening and tunable
adhesion systems have been introduced with various shapes and
materials such as core—shell nanowire forest®® carbon
nanotubes (CNTs),'°""> polymer micro/nanofibers,">~'°
elastomeric pyramidal structures,'®'” sharp particles,'® and
rippled structures.'”™!

In general, densely populated micro- or nanostructures with
high aspect ratio (AR) have been used so that the van der
Waals-assisted adhesion can be maximized by larger contact
area and surface compliance.'>**~>* However, it is known that
the intrinsic mechanical instability of the high aspect ratio
structures is a major obstacle for a high robustness of repeatable
fastener.”**® For example, nanohairs or nanowires are known
to be prone to mechanical failures including permanent
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bending, irreversible buckling, and lateral collapsing when
external load is applied.""'>'* To reduce the structural
weakness of the adhesive system, several techniques have
been proposed such as employing complicated hierarchical
assemblies,'**” additional surface treatments,”*®* and sharp
zinc oxide particles.'® Although the reported techniques
enhanced the adhesion strength, further development of a
simple and robust structure with high repeatability is still
required for the realization of practical and stable fastening
systems.

Here, we report a highly stable, van der Waals force-assisted,
and zipperlike interlocking adhesive with high shear and normal
adhesion forces based on the simple line arrays of low aspect
ratio (AR ~2) which is defined as height of parallelepiped
divided by width of parallelepiped. Unlike the nanofiber-based
or nanowire-based interlocker, the critical fracture and buckling
of line structures was not observed due to the geometric
stability of the low aspect ratio structures. Such line arrays are
cost-effective and can be easily replicated using ultraviolet (UV)
curable materials. In order to investigate the mechanical
behavior of the parallelepiped interlocking devices, several
different geometries were applied by changing the spacing ratio
(SR 1, 3, and S, defined as gap between two neighboring
parallelepipeds divided by width of the parallelepiped) of line
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patterns having a width of 800 nm and the width of
parallelepipeds (400 nm, 800 nm, and S pm with the SR of
1). In addition, the adhesion effect of material properties was
studied using two different materials of soft PUA (soft
polyurethane acrylate, elastic modulus of 19.8 MPa) and hard
PUA (hard polyurethane acrylate, elastic modulus of 320
MPa).*® It was observed that the normal and shear adhesion
forces were maximized with parallelepiped interlocking between
microlines (width S ym, AR 2, and SR 1) made by soft PUA,
which was mediated by the attractive van der Waals force. This
microzip device exhibited a high repeatability (>1000 cycles)
while maintaining its substantial adhesion forces in both the
shear (~29.6 N cm™2) and normal (~8.51 N cm™2) direction,
which has not been achieved by previous polymeric adhesive
devices such as fabric Velcro (~9.6 N cm™* in the shear
direction and ~5.9 N cm™? in the normal direction),** gecko-
like polymer-based dry adhesive (~10 N cm™ in the shear
direction and ~5 N cm™? in the normal direction),”” and
nanohairy interlocker (~40 N cm™ only in the shear
direction).">*> The theoretical analysis for van der Waals
force-mediated interlocking and structural robustness against
critical failures such as buckling and fracture was done and
found to be in agreement with experimental data. As one
practical application, a flexible electric connector was
demonstrated by using our repeatable interlocking with 30
nm Pt-coated line arrays, which maintained its electrical
connection and substantial adhesion force (~18 N cm™2).

2. EXPERIMENTAL DETAILS

Fabrication of Line Array Patterns. The entire fabrication
process of line array structures by UV-curable material is summarized
in Supporting Information Figure S1. First, the silicon masters
engraved with various types of line arrays were fabricated by the
conventional photolithography and reactive ion etching (RIE) process.
The surface of the silicon master was treated with octafluorocyclobu-
tane (C,Fg) gas in the inductively coupled plasma (ICP) chamber for
the detachment of cured polymers. To fabricate the first replica,
poly(dimethylsiloxane) (PDMS) precursor mixed with 10 wt % of
curing agent (Sylgard 184, Dow Corning, U.S.A.) was poured onto the
silicon mold. After the degassing process in a vacuum chamber, it was
cured at 70 °C for 1 h and the PDMS replica was carefully peeled off
from the silicon master mold. Here, PDMS mold was used to easily
replicate PUA structure by taking advantage of its low surface energy.
Then, two types of UV-curable PUA prepolymers (soft-PUA; PUA
MINS 311 RM, hard-PUA; PUA MINS 301 RM, purchased from the
Minuta Tech, Korea) were prepared to make line arrays for the
microzip fastener. A drop of PUA was dispensed onto the PDMS
mold, and a urethane-coated polyethylene terephthalate (PET) film
(50 pm thickness) was slightly pressed against the liquid drop to be
used as a supporting layer. The precursor was exposed to UV light
(Fusion Cure System, Minuta Tech, Korea) during the curing time of
about 60 s. After exposure, it was detached from the PDMS mold by
peeling off the substrate.

Adhesion Test. The adhesion test was conducted by the custom-
built equipment (Supporting Information Figure S2). The normal and
shear adhesion forces, corresponding to the maximum force between
two adhered samples at the point of detachment, were measured by
using force sensors of the measurement system. The sample could be
easily engaged with the alignment marks and the observation of
changed optical grating (see Supporting Information Figure S3 for
details) and loaded with a preload in the normal direction up to 10 N
cm™2 The normal and shear adhesion forces were measured at least 10
times for each case, and the averaged value was used (error bars in
graph indicate standard deviation). During the measurements, the
temperature of the stage was maintained at 20 °C and the relative
humidity of the ambient air was about 40%. In particular, the sample
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was pulled at a loading rate of 0.2 mm s™' in the case of the shear

adhesion test in consideration of the viscoelastic property of soft-PUA
(see Supporting Information Figure S4 for details).

Field-Emission Scanning Electron Microscopy (FE-SEM).
SEM images were obtained by Auriga (Carl Zeiss, Germany) and S-
4800 (Hitachi, Japan). To avoid charging effects, samples were coated
with a Pt film about ~5 nm thick prior to measurements.

Atomic Force Microscopy (AFM). AFM images were taken by a
XE-150 (Park Systems, Korea) in noncontact mode. The scan rate was
0.6 Hz, and scan resolution was 256 X 256 pixels.

Measurement of Electrical Characteristics. Real-time resistance
measurement was performed using PXI-4071 digital multimeter
(National Instruments, U.S.A.). I-V characteristics of the Pt-coated
microzip fastener were measured by 2611A SYSTEM Source-meter
(Keithley Instruments, U.S.A.). The voltage was swept from —2to 2V,
and the resolution was 0.01 V.

3. RESULTS AND DISCUSSION

Figure la shows the fabrication method of a repeatable
submicron- and microzipper using polymeric line arrays. It can
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Figure 1. (a) Schematic of the fabrication process of the line arrays
using UV-curable polymers. (b) An image of a microzip fastener of 5
pum in width, 10 ym in height, and spacing ratio (SR; defined as the
ratio of line spacing (s) to line width (w)) of 1. (c) Illustration of the
operation procedures of a microzip fastener in the normal and shear
directions. (d) Cross-sectional scanning electron microscope (SEM)
image of the zipperlike interlocking of polymeric rectangular
parallelepiped arrays. Arrows indicate the contacts between two line
structures.

be produced in a facile manner by simple replica molding with a
panel of 2 X 2 cm? as shown in Figure 1b (see the experimental
section and Supporting Information Figure S1 for details).
Using the as-fabricated line array structures, the repeatable
fastening procedure of submicron- and microzipper is
illustrated in Figure lc. Here, the mechanical interlocking
between the identical polymeric rectangular parallelepiped
arrays occurred as shown in the corresponding cross-sectional
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Figure 2. (a) SEM images of the 800 nm line arrays with three different spacing ratios (1, 3, and S). The inset shows tilted view of each array. (b, c)
Measured normal and shear adhesion forces between two samples. Flat-to-flat adhesion data are also plotted for comparison.
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Figure 3. (a) SEM images of line array with three different width of parallelepipeds (400 nm, 800 nm, and S ym) with SR of 1. The inset images
show tilted view of each array. (b) Normal and shear adhesion forces with submicron- and microzip fasteners (400 nm, 800 nm, and S ym in width).
(¢, d) Photographs showing (c) a misaligned zipperlike device with 800 nm lines and (d) a uniformly interlocked microzip fastener with S ym lines

and the corresponding cross-sectional SEM images.

image of Figure 1d and Supporting Information Figure SS (S
um in width, 10 ym in height, and SR of 1).

To find out the apt geometry of the zipperlike connection,
we measured the normal and shear adhesion forces of various
line arrays with different gaps between the structures (SR: 1, 3,
and 5). The width of the line structures was fixed as 800 nm
(Figure 2a). After the line arrays brought into contact by the
external preload (~10 N cm™2), the shear and normal adhesion
forces were measured with a custom-built measurement system
(Supporting Information Figure S2). Interestingly, in the case
of submicron-zipper with SR 1, the normal and shear adhesions
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2 in the normal

were significantly enhanced (~6.1 N cm~
direction and ~15.7 N cm™ in the shear direction) whereas the
normal and shear adhesion forces with a longer spacing (SR of
3 and 5) are even less than the flat-to-flat adhesion force (~2.3
N cm ™ in the normal direction and ~8.6 N cm™ in the shear
direction) as shown in Figure 2b and c. These results indicate
that the line arrays with small spacing (SR 1) exhibited high
adhesions, since the small spacing is equivalent to higher
density and more line-to-line interlocking contacts per unit
area. However, a line array with extremely high density (SR <1)
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is not suitable for the occurrence of interlocking within the
submicron- and microzipper due to geometrical incompatibility.

Next, we investigated adhesion properties of the repeatable
submicron- and microzippers with different width of paral-
lelepipeds structures. The adhesion forces were measured with
three different widths (400 nm, 800 nm, and S gm with SR of
1) as shown in Figure 3a. In particular, the maximum normal
and shear locking forces (~8.5 and ~29.6 N cm™, respectively)
were obtained using the microzip fastener with the line width of
S pm (Figure 3b). Based on the experiments, we found that the
uniform alignment of two layers is critical for high adhesion
forces. Unlike the microzipper using S-pm-width lines,
dislocations of the two layers are inevitable in the submicron
zip fasteners (400 and 800 nm samples), hindering the
generation of nanoscale contacts mediated by van der Waals
force (Figure 3¢, d and Supporting Information Figure S3). It
should be noted that full engagement of submicron line
patterns (400 and 800 nm in width) is beyond the level of
manual manipulation. On the other hand, uniform interlocking
(over 70—80% of areal fraction, which is defined as the area of
interlocked region over the area of the sample) can be achieved
in the microzipper using 5-pm-width lines for the patterned
region, resulting in high normal and shear adhesion forces (see
Supporting Information Figures S3 and S6 for details). To
prevent misalignment, we employed the alignment marks (+
and —), which are simply fabricated with a photomask during
the UV-curing process as shown in Supporting Information
Figure S3.

In addition, the rigidity of the line patterns was demonstrated
as one of the major parameters for the high adhesion and
robustness of the fabricated microzip fasteners. Here, the
microzip fasteners are fabricated by using two different
polyurethane (PU)-based materials to analyze the effects of
materials: soft PUA (polyurethane acrylate, E = 19.8 MPa) and
hard PUA (E = 320 MPa). It is noted that the elastic modulus
(denoted as E) of PU-based materials can be tuned by changing
the component and ratio of modulator as described in earlier
reports.30’33 Here, the dimension of the samples was fixed to
have the width of S ym and the SR of 1, which showed the
highest adhesion force both in the normal and shear direction.
In Figure 4a, the experimental results show that the soft PUA-
based microzipper has higher adhesion force (8.51 N ecm™ in
the normal direction and 29.7 N cm™ in the shear direction)
than the hard PUA-based device (1.16 N cm™2 in the normal
direction and 8.86 N cm™ in the shear direction). To explain
the different adhesion forces between the microstructures with
soft and hard materials, we calculated the percentage of area in
contact of soft and hard PUA, demonstrating that it depends on
their surface roughness of microstructures as shown in Figure
4b. Namely, it is pointed out that the nanoscale roughness on
the contact surface could significantly affect the percentage of
area in contact,**® which can provide a criterion to judge
whether interlocking would take place or not with different
rigidity of polymeric rectangular parallelepiped arrays. The
percentage of area in nanoscale contact was critical for the high
adhesion force in the overlapped region, since the van der
Waals force-mediated contacts could induce mechanical
interlocking on the two sidewalls of the microzip fastener
(SEM images of Figure 1c). Here, the roughness of the
different surfaces can be modeled using the Gaussian
distribution of asperity heights as a simplified estimation.*” >’
By employing this assumption, the percentage of area in contact

2564

S5umSR1

—
Q
—

w
w

m Normal Adhesion
Shear Adhesion

NN W
o v O

Juny
w

._.
[S)
—_—

Adhesion Force (N cm'z)

wv

i
Hard PUA |
(E=320 MPa)

o

Soft PUA
(E=19.8 MPa)

—
(=2
S

=
o
o

P Soft PUA

00
o

[o2]
o

S
o

&z Hard PUA

N
o

o

Percentage of Area in Contact

0 1 2 3 4 5
RMS Surface Roughness (nm)

Figure 4. (a) Plots showing difference in the normal and shear
adhesion forces with hard and soft PUA using line pattern with 5 ym
width and SR of 1. (b) Theoretical model of the percentage of area in
contact with soft and hard material depending on their roughness
calculated from eqs 1 and 2.

between the two identical surfaces (C) can be derived using the
error function as

8+, —h,
- g[{z—) . 1]
o (1)
172, \*/3
5 = k{a *}’)
E @)

where §; and §, are the minimum and maximum amounts of
deformation predicted by Johnson—Kendall-Roberts (JKR)
contact model, K., is the maximum height of peak for the
surface (~2.7 ), o is the root-mean-square (RMS) roughness
of surface, y is the surface energy, and E* is the composite
modulus (E* = E/2(1 — v*), v is the Poisson’s ratio) of the
material, respectively.®’ Since both materials have similar
surface energies (19.3 mJ m™> for soft PUA and 18.0 mJ m™
for hard PUA, see Supporting Information for details) and
RMS surface roughness (~1.96 nm, Supporting Information
Figure S7), the elastic modulus would dominantly affect the
probability of generating the area in contact. In our
measurement, the fraction of the area in contact for the
microzipper with soft PUA was estimated to ~96%, which
signifies firm interconnections of the macrostructures. On the
other hand, the value of C for hard PUA dramatically fell down
to 7.8%.

With the interlocking generated with soft materials, the shear
adhesion force of the interlocked system can be estimated by
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Figure S. (a) Cross-sectional SEM image of deflected, zipped line arrays by external shear load. (b) Schematic illustration of force balance of the
deflection and van der Waals force in a microzip fastener. (c) Plots of theoretical shear adhesion force predicted by the simple beam theory and the
Timoshenko beam bending theory. Measured adhesion force well agreed with the Timoshenko beam bending theory.

considering the force balance of the microline arrays. Figures Sa
and Sb show the underlying mechanisms of the interlocked
rectangular parallelepiped arrays. As shown, the contact surface
between paired structures becomes slanted as external shear
load is applied. Here, the shear adhesion force of the
interlocked line arrays can be determined by the competition
between the frictional force at the contact surface and the
disjoining force from the external load. By employing the law of
friction (F = uN, u is the frictional coefficient), a force
equilibrium at single paired interlocked line structures can be
established. The interlocked line structure remains merged until

©)

where F; is the external shear force applied to the single paired
structures and F,4, is the van der Waals force between two
surfaces. Here, the van der Waals force can be written as F 4, =
Ay/67D per unit area,* where Ay denotes the Hamaker
constant (2.09 x 1072 J for soft PUA),"* and D, is the cutoff
distance which is assumed to be 0.4 nm.***’ The paired
structures would begin to be separated when the inclined angle
reaches a critical value (60.) that satisfies the criteria below.

Esin 0 < u(CFE,,, + Fcos 6)

Esin 6, = u(CE,, + Ecos ) )
Here, the critical angle 8, can be approximated on the basis of
the geometric relation between the line height (L) and
maximum deflection (8,,,,) of the structure (0, ~ §,,/L). In
eq 4, the deflection angle of merged line structures is a critical
parameter for the prediction of the shear adhesion force. The
simple beam theory (or the Euler—Bernoulli beam theory),
which is frequently used to estimate the deflection of beam
structures, is not appropriate in low AR arrays because it
underestimates the deflection of the structure by neglecting the
transverse shear effect. Therefore, we adopted the Timoshenko
beam bending theory which takes into account the transverse
shear force to properly calculate the deflection and bending
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angle (0.) of our low AR line structures (see Supporting
Information for detailed explanation). In detail, the deflection
predicted by the Timoshenko beam theory (6') can be
expressed with the amount of beam deflection derived by the
simple beam theory (6”) and the additional term as below.

s, (M- M)

GAK, (s)

where M is the bending moment, M, is the bending moment at
the base, G is the shear modulus (G = E/2(1 + v), v is the
Poisson’s ratio), A is the cross-sectional area, k; is the shear
correction coefficient (x, = ((S + 5v)/(6 + 5v)) for rectangular
cross-section*'), and superscripts T and E indicate that the
corresponding term is based on the Timoshenko beam theory
and the Euler—Bernoulli beam theory.*

By assuming uniform distribution of external load across the
contact area, the maximum deflection at the tip derived by the
Timoshenko beam theory can be expressed as

= ZFSL(
(6)

where I is the second moment of inertia and « is the overlap
ratio (@ = overlapped length/line height) (see Supporting
Information and Supporting Information Figure S8 for details).
From our observation of the interlocked arrays, the average
value of & was estimated as 0.8 (Supporting Information Figure
SS). By substituting 0. to eq 4, the shear adhesion force of
single microstructure (F,) was calculated as 60.5 N when
adopting the Timoshenko beam theory. On the other hand, F;
was estimated to be higher (87.5 uN) when adopting the
simple beam theory without the transverse shear effect. As
plotted in Figure Sc, experimental results of the adhesion force
with changing the area fraction of locking correspond well with
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the Timoshenko beam bending theory (solid line) rather than
the simple beam bending theory (dotted line).

To understand the structural features for high durability of
the microzip fastener, the theoretical criteria of structural
failures are characterized with applied external loads in the
vertical and shear directions. Failures in line structures can
occur in the form of two cases depending on the direction of
external load depicted in the inset of Figure 6: (i) the buckling

120 -
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Figure 6. Mechanical analysis of buckling and fracture generation in S-
pum-width line arrays with soft-PUA (AR of 2) by different external
force of preload and shear strength calculated from eqs 7 and 9. Inset
images show two types of failures: buckling of microstructures by
preload and fracture of lines by tensile strength.

of structures originating from normal preload before adhesion
measurements and (ii) the fracture at the bottom induced by
tensile bending stress. The critical buckling and shear load that
a microline structure can withstand were calculated and
illustrated in Figure 6, which were produced by considering
the relationship between geometrical and material properties.
Limitation of applied external load can be presented through
this estimation. At first, the buckling threshold shows critical
preloads with varying AR of microstructures in the case of a line
width of S ym and AR of 2 (Figure 6). In order to analyze the
buckling criterion of the microzip fastener, we employed a
clamped end at the bottom and a free end at the top side, which
is the most conservative condition of buckling.*> The critical
buckling load of a single line structure per unit length, Fy,, can
be expressed as*

_ mEl _ n’Ebw 1

F. =
be ™ 42 48 (AR) )

where w is the width of line structure. From eq 7, one can
calculate the critical preload for the buckling failure from
external load. In the case of the microzip device of 5 pm in
width and the AR of 2, the critical buckling pressure was
calculated as ~40.7 N cm™ It indicates that line structures of
the microzip are more stable even in the condition of high load,
compared with the case of micropillar fasteners (Supporting
Information Figure S9). In addition, the tensile threshold is
another factor that should be considered for stability assess-
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Figure 7. (a) Durability of a microzip fastener with multiple cycles of repeatable attachment and detachment up to 1000 cycles. (b) Photograph
showing a 5 kg dumbbell suspended by a microzip fastener. (c, d) Practical application of a microzip fastening device as an electric connector with a
thin coating of Pt (30 nm). (c) Photograph of the experimental setup and microscope image of partially coated electrical microzipper. (d) Recorded
shear adhesion force and normalized resistance, showing robust electric connection. Inset is measured I-V characteristics of electrical microzipper

before applying external load.
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ment. The tensile stress (6;) caused by the external shear force
can be expressed as™
My

O, =

T (8)
where M, is the bending moment at the section and y is the
distance from the neutral axis. By assuming the distributed load
condition, the critical external shear load (F,.) of the line
structure with unit length is obtained as

wo, 1

3 (AR)

t,c (9)
where o, is the ultimate tensile stress of the soft PUA (~9
MPa).*? F, . was calculated as about 60 N cm™, which is about
two times higher than the measured shear adhesion range of
29.6 + 4.15 N cm™ (see Figure 3b). Consequently, failures in
the whole structure are hardly expected during multiple cycles
of the attachment and detachment process. In accordance with
the theoretical analysis, the simple microzip fastener shows high
durability and stability during the experimental cycle tests
(>1000) of the normal and shear adhesion (Figure 7a). The
degradation in the normal and shear adhesion force was not
observed throughout the experiment, and the structural solidity
was verified by the SEM image after the repeatability test
(Supporting Information Figure S10). Our result also implies
that a proper selection of the material and design of structures
can lead to more optimized adhesion system.

Finally, we demonstrated the potential applications of the
simple microzip fastener. First, a 5 kg dumbbell was stably
suspended using the microzip device (2 cm X 2 cm, Figure 7b),
indicating that the line interlocker has sufficient adhesion
capability as a practical system. Moreover, a microzip fastener
can also be used as a repeatable electric connector with the
partial deposition of platinum (Pt, ~30 nm thickness) (Figures
7c and 7d). As shown in Figure 7d, the interlocked system
maintained its substantial adhesion force (~18 N cm™) and
stable electric connection (~80 Q for 15 mm X 7 mm contact
area) until failure. While the performance is similar to that of
the recently introduced electric connector based on a Ge-based
nanowire forest,** the cost-effective large-area microzip fastener
securing such characteristics could play a prominent role in the
field of microelectronics and flexible electronics in terms of
providing both mechanical and electric connection on the
flexible film-type substrate.

4. CONCLUSION

In this paper, we presented a highly robust and repeatable
microzip fastening system using regularly arrayed line array
structures. The rectangular parallelepiped array was fabricated
with a simple UV-assisted molding technique, which does not
involve any complicated physical structures or chemicals such
as hierarchical assemblies or additional surface treatments. The
experimental and theoretical studies demonstrated that the
ziplike, van der Waals force assisted interlocking resulted in
high adhesion forces both in the normal (~8.51 N cm™?) and
shear (~29.6 N cm™?) direction. In addition, highly repeatable
adhesion (>1000 cycles) was achieved without any notable
degradation of line microstructures. The simple model for the
stability of the microzip fastener was developed in two different
modes with respect to buckling and tensile strength. In
accordance with the development of various bioinspired dry
adhesives, this study on the robust microzip fastening device
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can pave the way for the realization of robust and smart
fastening systems for various potential applications such as
stable, flexible fasteners or electric connecters.
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